In the present study, hybrid nanoflowers (HNFs) based on copper (II) or manganese (II) ions were prepared by a simple method and used as nanosupports for the development of effective nanobiocatalysts through the immobilization of lipase B from Pseudozyma antarctica. The hybrid nanobiocatalysts were characterized by various techniques including scanning electron microscopy (SEM), energy dispersion spectroscopy (EDS), X-ray diffraction (XRD), Raman spectroscopy, and Fourier transform infrared spectroscopy (FTIR). The effect of the addition of carbon-based nanomaterials, namely graphene oxide and carbon nanotubes, as well as magnetic nanoparticles such as maghemite, on the structure, catalytic activity, and operational stability of the hybrid nanobiocatalysts was also investigated. In all cases, the addition of nanomaterials during the preparation of HNFs increased the catalytic activity and the operational stability of the immobilized biocatalyst. Lipase-based magnetic nanoflowers were effectively applied for the synthesis of tyrosol esters in non-aqueous media, such as organic solvents, ionic liquids, and environmental friendly deep eutectic solvents. In such media, the immobilized lipase preserved almost 100% of its initial activity after eight successive catalytic cycles, indicating that these hybrid magnetic nanoflowers can be applied for the development of efficient nanobiocatalytic systems.
Introduction
Over the last decades, the immobilization of enzymes onto nanostructured supports has been extensively used and has facilitated their applications, owing to their easy handling and operational stability, as well as facile recovery and reusability of the biocatalysts, leading to more efficient bioprocesses [1, 2] . Various nanostructured composite materials with extensive active surface areas and desirable pore sizes, such as nanoporous supports, nanofibers, nanoparticles, and carbon-based nanomaterials (e.g., nanotubes and graphene) have been proven to be effective in manipulating the nanoscale environment of biomolecules [3] [4] [5] and, as a consequence, their biological function and stability.
FTIR was utilized to confirm the successful immobilization of CaLB in the nanoflower structure. The spectra were recorded in the range of 400-4000 cm −1 using a FTIR-8400 infrared spectrometer (Shimadzu, Tokyo, Japan) equipped with a deuterated triglycine sulfate (DTGS) detector. For each sample, a total of 64 scans were averaged, using a 2 cm −1 resolution. The samples were prepared using KBr pellets containing a circa 2 wt% sample. The similarity of FTIR spectra in the Amide I region (1600-1700 cm −1 ) was quantified by calculation of the correlation coefficient, r, using the following equation:
where x and y represent the spectral absorbance values of the reference and sample spectra, respectively, at the ith frequency position [32] . For identical spectra, the r value is equal to 1.0, while spectra that have differences will show lower values.
Determination of Encapsulation Yield
The amount of the immobilized CaLB was determined by calculating the protein concentration present in the supernatant after the immobilization procedure using the Bradford assay [33] . Enzyme encapsulation was estimated as the difference between the initial amount of the enzyme and the amount of the enzyme in the supernatant after immobilization.
Activity of CaLB Nanoflowers
The activity of CaLB-HNFs was determined by the hydrolysis of p-NPB. Specifically, 0.5 mg of CaLB nanoflowers was added into 2 mL of phosphate buffer (50 mM, pH 7.5). The reaction was initiated with the addition of 20 µL of a 50 mM p-NPB solution (dissolved in DMSO), and the mixture was incubated for up to 10 min at 40 • C, 650 rpm. The 4-Nitrophenol (p-NP) release was monitored at 405 nm. The activity was estimated by measuring the concentration of p-NP using a standard curve. In this work, one unit of lipase activity was defined as the specific quantity of CaLB nanoflowers required to hydrolyze 1 µmol of p-NPB per reaction minute. Blank measurements without any enzyme were also incubated with the substrate for ten minutes, and their absorbance was measured where no catalytic activity was observed.
Stability of CaLB Nanoflowers
The thermal stability of free CaLB and CaLB-HNFs was tested at 60 • C for up to 24 h in phosphate buffer (50 mM, pH 7.5). In order to determine the remaining activity of CaLB nanoflowers, aliquots were taken at predetermined interval times for measuring the remaining lipase activity. The remaining hydrolyzing activity was estimated as described before, monitoring the increase in the absorbance of p-NP.
Transesterification of Tyrosol Catalayzed by CaLB Nanoflowers
The performance of CaLB-HNFs was tested on their ability to synthesize tyrosol esters. Typically, tyrosol (20 mM), vinyl butyrate (100 mM), and 4 mg mL −1 of CaLB-HNFs were added in various organic solvents and ionic liquids. The reaction mixtures were incubated for 72 h under stirring at 50 • C. Synthesis reactions were repeated twice, while experiments without nanoflowers were also conducted, and any decrease in the amount of tyrosol was observed for the selected solvents. The concentration of tyrosol in the reaction mixtures was quantified by high performance liquid chromatography (HPLC), equipped with a µBondapack C18 reverse phase column (particle size 10 µm, length 300 mm, diameter 3.9 mm) and a diode array UV detector. The elution was carried out with 40% water (containing 0.1% acetic acid) in methanol at a flow rate of 1 mL min −1 for 30 min. Tyrosol and its ester derivative were detected at 280 nm, while the column temperature was set at 35 • C. The conversion yield of the enzymatic transesterification was based on the decrease in the concentration of tyrosol, which was calculated using a tyrosol standard curve.
Reusability of CaLB Nanoflowers
The reusability of CaLB-HNFs was tested with respect to p-NPB hydrolysis for nine consecutive cycles. After each catalytic cycle, the samples were recovered by centrifugation at 1000 rpm for 2 min and excessively rinsed out three times with phosphate buffer (50 mM, pH 7.5). In the case of GO/Fe 2 O 3 -based hybrid nanoflowers, an external magnetic field was applied after each cycle and between washing procedures. The relative activity (%) was defined as the ratio of the remaining activity to the activity of the first cycle.
Magnetic hybrid nanoflowers (GO/Fe 2 O 3 -basedHNFs) were tested for their reusability on the transesterification of tyrosol in tert-butyl-methylether. Tyrosol (20 mM), vinyl butyrate (100 mM), and 4 mg mL −1 of GO/Fe 2 O 3 CaLB-HNFs were added in 1 mL tert-butyl-methylether, and the reaction mixture was incubated for 72 h under stirring at 50 • C. The nanobiocatalytic system was separated from the reaction solution by an external magnetic field and washed twice with 1 mL of tert-butyl-methylether. The modified nanoflowers were applied to a new reaction solution and tested as described before for eight successive cycles.
Results and Discussion

Morphological and Structural Characterization of CaLB Nanoflowers
In the present work, HNFs based on copper (II) or manganese (II) ions were prepared by a simple method and used as nanosupports for the encapsulation of lipase B from Pseudozyma antarctica (CaLB). The effect of the enrichment of HNFs with graphene oxide sheets, oxidized multi-walled carbon nanotubes, and γ-Fe 2 O 3 nanoparticles on the morphological, structural, and catalytic properties of HNFs was investigated.
SEM images of unmodified Cu 3 (PO 4 ) 2 CaLB-HNFs revealed a high quality nanoflower formation with diameters in the range of 15-30 µm (Figure 1a) . Moreover, SEM images of unmodified Mn 3 (PO 4 ) 2 CaLB-HNFs (Figure 1b ) displayed a flower-like structure, though this structure was not as clear as in the case of Cu 3 (PO 4 ) 2 . The nanomaterials-modified CaLB-HNFs, either with GO, CNTs, or both carbon structures together, exhibited different structures and formations, as indicated in Figure 1c -j, while a more detailed analysis can be found in the Supplementary material ( Figure S1 ). It is noteworthy to add that the presence of carbon nanostructures (either GO or CNTs) in manganese-based nanoflowers facilitated the formation of nanoflowers in the final structures compared to the unmodified one (Figure 1g-j) . Moreover, the combination of GO and CNTs resulted in the growth of clear crystals forming particular porous flower-like structures. 
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Morphological and Structural Characterization of CaLB Nanoflowers
In the present work, HNFs based on copper (II) or manganese (II) ions were prepared by a simple method and used as nanosupports for the encapsulation of lipase B from Pseudozyma antarctica (CaLB). The effect of the enrichment of HNFs with graphene oxide sheets, oxidized multi-walled carbon nanotubes, and γ-Fe2O3 nanoparticles on the morphological, structural, and catalytic properties of HNFs was investigated.
SEM images of unmodified Cu3(PO4)2 CaLB-HNFs revealed a high quality nanoflower formation with diameters in the range of 15-30 μm (Figure 1a) . Moreover, SEM images of unmodified Mn3(PO4)2 CaLB-HNFs (Figure 1b ) displayed a flower-like structure, though this structure was not as clear as in the case of Cu3(PO4)2. The nanomaterials-modified CaLB-HNFs, either with GO, CNTs, or both carbon structures together, exhibited different structures and formations, as indicated in Figure 1c -j, while a more detailed analysis can be found in the Supplementary material ( Figure S1 ). It is noteworthy to add that the presence of carbon nanostructures (either GO or CNTs) in manganesebased nanoflowers facilitated the formation of nanoflowers in the final structures compared to the unmodified one (Figure 1g-j) . Moreover, the combination of GO and CNTs resulted in the growth of clear crystals forming particular porous flower-like structures. Modified GO/Fe2O3-based HNFs were further elementally analyzed using energy dispersion spectroscopy (EDS) ( Figure S2 ). The peaks of carbon (C) and oxygen (O) were attributed to CaLB and the incorporated nanomaterials, while the presence of nitrogen (N) and sulfur (S) confirmed the successful encapsulation of the enzyme in the nanoflower structure. The appearance of copper (Cu) (Figure S2a ), manganese (Mn) ( Figure S2b ) and phosphate (P) peaks indicated the successful formation Modified GO/Fe 2 O 3 -based HNFs were further elementally analyzed using energy dispersion spectroscopy (EDS) ( Figure S2 ). The peaks of carbon (C) and oxygen (O) were attributed to CaLB Nanomaterials 2019, 9, 808 7 of 17 and the incorporated nanomaterials, while the presence of nitrogen (N) and sulfur (S) confirmed the successful encapsulation of the enzyme in the nanoflower structure. The appearance of copper (Cu) ( Figure S2a ), manganese (Mn) ( Figure S2b ) and phosphate (P) peaks indicated the successful formation of the nanoflowers. Sodium (Na) and chloride (Cl) peaks appeared due to the utilized preparation buffer. Moreover, the confirmation of the presence of iron nanoparticles (Fe) in the hybrid nanoflower structures was also observed-the atomic percentages of iron were 4.34 and 5.42% in the cases of GO/Fe 2 O 3 -Cu 3 (PO 4 ) 2 and GO/Fe 2 O 3 -Mn 3 (PO 4 ) 2 HNFs, respectively (Table S1 ).
X-ray diffraction (XRD) was used to characterize the unmodified and the nanomaterials-modified CaLB-HNFs, and the XRD patterns are provided in the Supplementary material ( Figure S3 ). For the copper-based CaLB-HNFs, the XRD patterns represented peaks for the Cu 3 (PO 4 ) 2 ·3H 2 O (JCPDS 00-022-0548) phase, while for the manganese-based CaLB-HNFs, the phase of manganese changed from Mn 3 (PO 4 ) 2 for the unmodified nanoflowers to Mn 2 P 2 O 7 for the nanomaterials-modified HNFs [34] .
The presence of the carbon-based nanostructures in the CaLB-HNFs was confirmed with Raman spectroscopy. The Raman spectra of the unmodified Cu 3 (PO 4 ) 2 CaLB-HNFs and Mn 3 (PO 4 ) 2 CaLB-HNFs, as well as the modified HNFs with GO, CNTs, and γ-Fe 2 O 3, are presented in Figure 2 . The spectrum of the unmodified Cu 3 (PO 4 ) 2 CaLB-HNFs presented several vibrational modes; the most pronounced were located at 645 cm −1 , 927 cm −1 , and 1147 cm −1 and can be attributed to the antisymmetric bending of the PO 4 3− ion, the symmetric stretching vibrations of PO 4 3− ion, and the antisymmetric stretching vibrations of the PO 4 3− ion, respectively [35] . The unmodified Mn 3 (PO4) 2 CaLB-HNFs presented a strong vibrational mode at 958 cm −1 that can be ascribed to the symmetric stretching mode of the PO 4 3− ion [36] .
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the nanoflower structure was confirmed by the peak at 1648 cm −1 , which arises from the stretching vibrations of C = O of the peptide chain of the enzyme and corresponds to the Amide I band [41, 42] .
work [43] [44] [45] . As seen from Table 1 , for most of the CaLB-HNFs, r was close to 1.0, indicating that CaLB was able to maintain its native secondary structure upon encapsulation in the nanoflower structure. GO has formed a cage-like structure in which lipase was encapsulated, preserving the secondary structure of the enzyme [27] . In contrast, when CaLB-HNFs were prepared with CNTs, especially when combined with GO, the changes in the r value were more pronounced. This result could be attributed to conformational changes occurred during the encapsulation of CaLB in the nanoflower structure. The disorder of the natural conformation of CaLB, may arise from the overcrowded enzyme molecules within the strongly packed GO/CNTs HNF structure.
(a) (b) 
Biocatalytic Characterization of CaLB Nanoflowers
The encapsulation yield and specific hydrolytic activity of all CaLB-HNFs are presented in Table  2 . The protein loading for unmodified Cu3(PO4)2 and Mn3(PO4)2 CaLB-HNFs were 57.6% and 49.0%, respectively, while their specific activity was calculated at 8.3 and 96.7 U g −1 , respectively, pointing out that the kind of the metal ion significantly affects the hydrolyzing ability of the immobilized lipase. It has been previously proposed that enzymes provide different binding sites for metal ions, and, as such, nucleation sites are formed in different enzyme regions, affecting the 3D structure and activity of the immobilized biocatalysts [15] . Moreover, in the case of Cu3(PO4)2 CaLB-HNFs, lipase could have been embedded deep inside the flower-like structure, preventing the active sites of the CaLB from interacting with the substrate and thus leading to low catalytic activity, due to steric hindrance phenomena [28, 46] . To better assess the dissimilarities among the spectra of the CaLB-HNFs, we compared the correlation coefficients (r) in the Amide I region (1600-1700 cm −1 ), according to previously published work [43] [44] [45] . As seen from Table 1 , for most of the CaLB-HNFs, r was close to 1.0, indicating that CaLB was able to maintain its native secondary structure upon encapsulation in the nanoflower structure. GO has formed a cage-like structure in which lipase was encapsulated, preserving the secondary structure of the enzyme [27] . In contrast, when CaLB-HNFs were prepared with CNTs, especially when combined with GO, the changes in the r value were more pronounced. This result could be attributed to conformational changes occurred during the encapsulation of CaLB in the nanoflower structure. The disorder of the natural conformation of CaLB, may arise from the over-crowded enzyme molecules within the strongly packed GO/CNTs HNF structure. 
The encapsulation yield and specific hydrolytic activity of all CaLB-HNFs are presented in Table 2 . The protein loading for unmodified Cu 3 (PO 4 ) 2 and Mn 3 (PO 4 ) 2 CaLB-HNFs were 57.6% and 49.0%, respectively, while their specific activity was calculated at 8.3 and 96.7 U g −1 , respectively, pointing out that the kind of the metal ion significantly affects the hydrolyzing ability of the immobilized lipase. It has been previously proposed that enzymes provide different binding sites for metal ions, and, as such, nucleation sites are formed in different enzyme regions, affecting the 3D structure and activity of the immobilized biocatalysts [15] . Moreover, in the case of Cu 3 (PO 4 ) 2 CaLB-HNFs, lipase could have been embedded deep inside the flower-like structure, preventing the active sites of the CaLB from interacting with the substrate and thus leading to low catalytic activity, due to steric hindrance phenomena [28, 46] . In order to provide more binding sites for the formation of CaLB-HNFs, different carbon-based and magnetic nanomaterials were added to the hybrid nanostructures during the preparation procedure. All HNFs enriched with carbon or magnetic nanomaterials exhibited higher encapsulation yields than those without nanomaterials, regardless of the metal ion type. The highest encapsulation yields were observed when GO was used as an additive. For instance, the encapsulation efficiency reached up to 70.5 and 67.1% in the case of GO-Cu 3 (PO 4 ) 2 and GO-Mn 3 (PO 4 ) 2 CaLB-NHFs, respectively. Similar results have also been reported by Li and co-workers when GO was added in the formation of laccase-based nanoflowers [27] . CNTs also seem to affect the immobilization efficiency of CaLB, as is consistent with previous work [28] . The large surface area of GO and CNTs seems to increase the available binding sites and thus promote enzyme adsorption, in addition to stabilizing the 3D structure of the nanoflower. Moreover, the presence of oxygen-containing groups in the surface of these nanomaterials may result in the formation of electrostatic interactions between those functional groups and the copper cations, stabilizing the nucleation step.
The modification of CaLB-HNFs with carbon or magnetic nanomaterials enhanced the specific hydrolytic activity of the immobilized enzyme. In the case of manganese-based nanoflowers, the specific activity of the enzyme was increased up to around two-times in the presence of nanomaterials. The beneficial effect of the use of nanomaterials was more pronounced in the case of copper-based nanoflowers. More specifically, all the nanomaterials significantly outperformed in terms of activity the unmodified Cu 3 (PO 4 ) 2 nanoflowers. GO sheets, CNTs, and γ-Fe 2 O 3 nanoparticles, due to randomly distributed oxygen-containing groups on their surface, interact with positively charged metals and amino groups on the enzyme's surface, leading to more stable and active flower-like structures [28] . Such interactions could lead to a more active conformation [47, 48] . Compared to each individual nanomaterial, the GO/CNTs hybrid system was not as beneficial as expected, maybe due to the uniform dispersion of lipase within the nanoflower structure or stereochemical hindrance. Moreover, CaLB immobilized on GO/CNTs nanoflowers presented the highest conformational changes (as previously discussed, Table 1 ), which could result in lower catalytic activity. It is important to mention that the preparation of HNFs containing both carbon nanomaterials and magnetic nanoparticles has not been previously reported. GO/Fe 2 O 3 -based HNFs reached high encapsulation yields, while GO/Fe 2 O 3 -Cu 3 (PO 4 ) 2 CaLB-HNFs exhibited one of the highest catalytic activities among all nanoflowers.
The thermal stability of the CaLB-HNFs was also investigated. The remaining hydrolytic activity was estimated after incubation of nanoflowers for up to 24 h in phosphate buffer at 60 • C, and is presented in Figure 4 .
important to mention that the preparation of HNFs containing both carbon nanomaterials and magnetic nanoparticles has not been previously reported. GO/Fe2O3-based HNFs reached high encapsulation yields, while GO/Fe2O3-Cu3(PO4)2 CaLB-HNFs exhibited one of the highest catalytic activities among all nanoflowers.
The thermal stability of the CaLB-HNFs was also investigated. The remaining hydrolytic activity was estimated after incubation of nanoflowers for up to 24 h in phosphate buffer at 60 °C, and is presented in Figure 4 . As seen in Figure 4 , the use of hybrid nanoflowers as supports for the immobilization of CaLB increased the thermal stability of the immobilized enzyme. Specifically, the catalytic activity of free CaLB decreased to 20% after the first hour of incubation, while unmodified CaLB-Cu 3 (PO4) 2 and Mn 3 (PO 4 ) 2 CaLB-HNFs retained up to 40% and 31% of their initial activity, respectively. Moreover, after 5 h of incubation, free CaLB was totally inactivated, while the immobilized lipase on unmodified HNFs retained up to 19.2% of their activity, indicating that the nanoflower 3D structure can protect the active conformation of the enzyme, thus enhancing its stability [49] . Similar observations have also been reported for lipase from the porcine pancreas [50] . The thermal stability of the immobilized CaLB was further improved when HNFs containing carbon and γ-Fe 2 O 3 nanomaterials were used as immobilization supports. This observation could be attributed to the protective effect these nanomaterials offer on the stability of protein molecules [51, 52] . Amongst the nanomaterials, CNTs stabilized the immobilized enzyme the most for both copper-and manganese-based nanoflowers (12.7% and 49% of enzyme activity, respectively, was retained after 24 h of incubation). Their high surface area, as well as the fact that CNTs are distributed within the petals of the flower-like structure, enables lipase to maintain its stability [27, 28] . The conformational changes previously described (Table 1 ) may lead to a more rigid folding of lipase and thus enhance its stability [51] . Furthermore, in comparing the two inorganic components, it is clear that manganese HNFs exhibited higher remaining activity than copper HNFs, underlining the correlation of the different interactions developed between nanomaterials and each metal ion.
One of the major drawbacks of using soluble enzymes in large-scale reactions is reusability, due to their incapability of maintaining their stability under harsh conditions, and the difficulty of removal from the reaction system, due to their high solubility. Therefore, the immobilization of enzymes enhances their stability and enables their separation and use in successive cycles, making them an asset for industrial applications. In the present study, the operational stability of the CaLB-HNFs was investigated for the hydrolysis of p-NPB, and the results are presented in Figure 5 . As seen, unmodified Cu 3 (PO 4 ) 2 and Mn 3 (PO 4 ) 2 CaLB-HNFs were almost deactivated after the fifth biocatalytic cycle. It is possible that the disruption of the non-covalent bonds between the organic and inorganic parts of the nanoflowers in the aqueous environment accelerated the enzyme leaching or gradual degradation of the flower-like morphology, leading to low enzymatic activity, which is in agreement with that recently reported [40] .
In the case of nanomaterials-modified HNFs, the operational stability of CaLB was notably increased. Immobilized CaLB on nanomaterials-based HNFs could be efficiently used for nine consecutive cycles for the hydrolysis of p-NPB. The residual activity of nanomaterials-modified Cu 3 (PO4) 2 and Mn 3 (PO4) 2 CaLB-HNFs retained up to 83% even after nine catalytic cycles. These results infer that the presence of nanomaterials in the nanoflowers protects the enzyme configuration, thus enhancing its stability for successive hydrolysis cycles. Similar to the thermal stability studies presented above, CNTs-modified CaLB-HNFs offered the most beneficial impact on the operational stability of CaLB, indicating that the incorporation of CNTs inside the nanoflower structure enables the adoption of a more rigid conformation of CaLB, stabilizing it against repeatable usage [53] . It is interesting to note that, although manganese-based HNFs presented higher thermal stability than copper-based HNFs (as previously discussed), their operational stability was lower compared to copper-based HNFs. It is possible that the enzyme leaching from the manganese-based HNFs is higher compared to copper-based HNFs, resulting in a higher loss of the residual activity of the enzyme.
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Transesterification of Tyrosol by CaLB Nanoflowers in Non-Aqueous Media
The prepared nanomaterials-modified CaLB-HNFs were used for the synthesis of tyrosol esters in non-aqueous media. Tyrosol is a natural phenolic antioxidant derived from various plants, such as olive and green tea. This abundant product has been associated with many health-related benefits as well as plenty of industrial applications [54, 55] . An increase of tyrosol lipophilicity is suggested to improve its antioxidant activity [56, 57] . Thus, the enzymatic lipophilization of tyrosol may be of great interest. For this reason, GO/Fe 2 O 3 -Cu 3 (PO 4 ) 2 and GO/Fe 2 O 3 -Mn 3 (PO 4 ) 2 CaLB-HNFs were used as biocatalysts for the transesterification of tyrosol with vinyl butyrate ( Figure S4 ) in a variety of organic solvents, as well as in environmentally friendly ionic and deep eutectic solvents; the results are presented in Table 3 . GO/CNTs-based HNFs were also used for the transesterification of tyrosol; the results are presented in Table S2 . As seen in Table 3 , both CaLB-HNFs were able to catalyze the transesterification of tyrosol, achieving high conversion yields in most of the non-aqueous solvents. It has been recently proposed that the hydrophobic surface of the hybrid nanoflowers benefits synthetic reactions in non-aqueous solvents by promoting the oriented delivery of the substrates near the hydrophobic surface of nanoflowers and, thus, to the active sites of the enzyme [49] . Conversion yields of transesterification seem to strongly depend on the nature of the organic solvent, namely its polarity and viscosity. More specifically, the nanoflower-catalyzed reactions in non-polar solvents, e.g., n-hexane and tert-butyl-methylether, exhibited high conversion yields up to 100%. Moreover, the reaction rate of the transesterification reaction catalyzed by GO/Fe 2 O 3 -Mn 3 (PO 4 ) 2 CaLB-HNFs in hexane and tert-butyl-methylether was up to 73-fold higher in comparison with that in other media (Table S3 ). Solvents with low polarity enable enzymes to preserve the essential water molecules bound on their surface in order to maintain their natural conformation and be fully functional [58, 59] . On the other hand, the use of more hydrophilic solvents with higher affinity to interact with water molecules [60] , such as 2-methyl-2-butanol and tert-butanol, led to a decrease of the conversion yield of the transesterification reaction.
Both HNFs were able to catalyze the transesterification of tyrosol in eco-friendly alternatives of organic solvents, such as ionic liquids and deep eutectic solvents ([BMIM][BF 6 ] and ChCl:U, respectively). Those green solvents have been widely employed for enzymatic biotransformations, as they present high chemical and thermal stability, low vapour pressure, low toxicity, and the ability to enhance the catalytic performance of the enzymes [17, 55, 61] . As seen in Table 3 , the conversion yield is decreased in the ionic liquid compared to organic solvents, which could be attributed to the low dispersability of the nanoflowers in these media. Moreover, the high viscosity of [BMIM] [BF 6 ] (381 cP at 25 • C) [62] and ChCl:U (1200 mPa s at 25 • C) [63] could lead to mass-transfer limitations, restricting the biocatalytic activity of immobilized CaLB [64, 65] .
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Conclusions
Herein, we report the preparation and characterization of novel hybrid nanoflowers comprised of copper (II) or manganese (II) ions combined with magnetic nanoparticles and carbon-based 
Herein, we report the preparation and characterization of novel hybrid nanoflowers comprised of copper (II) or manganese (II) ions combined with magnetic nanoparticles and carbon-based nanomaterials. These nanoflowers can be effectively used as versatile host platforms for the immobilization of an industrially relevant enzyme (CaLB) through biomimetic mineralization. The metal ion and the nature of the nanomaterials affect the structural and catalytic characteristics of the immobilized lipase in different manners. The nanomaterials-modified hybrid nanoflowers presented an excellent catalytic performance in the production of tyrosol esters in different organic solvents and environmental-friendly ionic solvents. Furthermore, CaLB-magnetic HNFs (combining GO and maghemite nanoparticles) exhibited remarkable operational stability for the tyrosol transesterification reaction, as the nanobiocatalyst retained almost its entire catalytic activity even after eight successive reaction cycles, indicating that these bio-nanoconjugates could potentially be used as efficient tools for heterogeneous biocatalytic transformations in large-scale applications. 
